ABSTRACT
INTRODUCTION
There is a clear intention from the European Union to promote low-carbon generation technology with a target of 20% from renewable sources by 2020 [1] . Spain and Portugal have already overreached the 20% target of energy from renewable sources at distribution level. More Distributed Generation (DG) is expected onto the Portuguese and Spanish Distribution Networks due to feedin tariffs, market support and technology costs reduction. With this increase of DGs, Network Operators may encounter operation problems, mainly when the primary energy converted comes from intermittent sources such as wind. With low penetration of DGs, the Utilities were not affected by the presence of the wind farms; however wind power begins to gain an increasingly importance in supplying power, so that in nowadays the loss of wind power generation is considered to be a threat to the security of the overall power system. Throughout Europe, grid codes were established with the objective of keeping wind power plants constantly connected to the network even when faults occur. These requirements are commonly named as ride-through fault capability specification. Wind turbine developers have responded to these Grid Codes and have been introducing new hardware components and new control strategies to make their wind turbines capable to provide ride-through fault capability to the network [5] . Nowadays, most of wind turbines can survive a fault in the network and will not be disconnected from the grid (e.g. double-fed induction machine (DFIG) [5] By keeping the wind turbines running and connected to the network under a fault, Network Operators intend to improve the power quality parameters such as voltage magnitude and the frequency. These parameters are closely related to the real and reactive power balance of the network where the turbines are connected to. Thus, different Grid Codes request that wind turbines remain connected to the network even when voltage severely drops at their terminals. During that voltage drop, wind turbine has to provide reactive current to the network. This work concentrates on the development and validation of DG ride-through fault protection scheme. These new settings aim at allowing DGs to provide ride-through fault capability to the distribution network. Portugal does not yet have a Grid Code that forces DGs to provide ride-through fault capability to the network, however recently the Portuguese Government ran a contest for a 1700 MW wind Power and in that contest ride-through fault capability was required to the wind park promoters. It is expected ridethrough fault capability will be soon included in the Portuguese Grid Code. Those ride-through fault specifications are taking into account in this work and the Portuguese ride-through fault voltage and reactive current specifications follows. 
PORTUGUESE RIDE-THROUGH SPECIFICATIONS ON VOLTAGE AND REACTIVE POWER

PORTUGUESE DISTRIBUTED GENERATION PROTECTION SCHEME
After the law (Decreto de Lei 198/88) came into force on 27th of May 1988, Portuguese DG developers had the right to produce energy and sell it to the Distribution Network. However, the Distribution Utility retained the statutory obligation to protect the distribution network and suppliers, and has the right to determine the parameter settings for the DGs that operate in parallel with the distribution network, according to the Portuguese Grid Code for the DG Protection Scheme. The protection requirement for the DGs that intend to be operating in parallel with the network are: under/ over frequency (ANSI# 81U/81O), under/ over voltage (ANSI# 27/59), residual over voltage (ANSI# 59N) and three-phase definitive time delayed overcurrent (ANSI# 51). In presence of this reality, Portuguese Distribution Utility adopted two different protection schemes for DGs (as shown in Table 1 and Table 2 ). Thus, the DGs developers have the possibility to choose either one or the other protection scheme (i.e. option A on Table 1 or Option B on Table 2 ). The main differences between option A and option B are the tripping times of the residual over voltage and under voltage protection which are instantaneous in Option A and delayed in Option B. Consequently, option B is more adequate to avoid nuisance DGs trips. However, if DG developer intends to implement protection scheme on Option B, it has to invest in an extra relay for the HV/ MV substation which includes synchronism or voltage check functions, in order to avoid out-of-phase reclosing of the circuit breaker in the Utility substation. Figure 3 illustrates the flow chart of the inclusion of the ride-through fault protection scheme requirement onto the digital Distributed Generation (DG) relay. If phase-to-phase voltage falls below 90% of the nominal voltage, the relay set the internal timer to count and compares it with the ridethrough fault voltage profile (see Figure 3) . The ride-through fault voltage profile is pre-set onto the digital protective relay using its internal logic and timers. When the measured phase-to-phase voltage meets the preset ride-through fault voltage profile, the digital relay sends a signal to the DG interconnection circuit breaker to open. The digital protective relay timer is reset to zero either when the relay sends a signal to the DG interconnection circuit breaker or when the measured phase-to-phase voltage returns to above 90% of the nominal voltage. 
DISTRIBUTED GENERATION PROTECTION SCHEME WITH RIDE-THROUGH FAULT REQUIREMENT
DISTRIBUTION NETWORK MODELLING
In order to simulate and evaluate the performance of the Distributed Generation (DG) ride-through fault protection scheme shown in Table 3 , a typical Portuguese distribution network with an 850 kW double-fed induction generator (DFIG) and impedance loads were modelled onto the timedomain software PSCAD/EMTDC. Figure 4 illustrates the network modelled. The HV/ MV substation has a shortcircuit ration of 250 MVA and the loads were modelled as constant impedance of 1837 kW and 374 kVar. Three network faults (F1, F2 and F3 respectively) were simulated in order to obtain different voltage dips at the DFIG terminals. The discussion of the DG protection scheme performance follows.
DG RIDE-THROUGH FAULT PROTECTION SCHEME: DISCUSSION
As previously mentioned, three network faults were simulated to obtain different voltage profiles at the DFIG terminals. Figure 5 shows the recorded phase-to-phase voltage (F1, F2 and F3 respectively). Since network Fault 3 (i.e. F3) was cleared before the DG ride-through protection voltage profile was met, the DG interconnection circuit breaker was not tripped off and the DFIG remained connected to the network. However, the network Fault 1 (F1) and network Fault 2 (F2) were sufficiently severe in order to disconnect the DFIG from the network, since the voltage at the DFIG terminals met the DG ride-through protection voltage profile (see Figure 5 ). This fact enhances the importance of a reduced fault clearing time of the protection systems at the HV/ MV substations (desirably under 500 mili-seconds). 
DG RIDE-THROUGH FAULT PROTECTION SCHEME: LIMITATION & CONCLUSIONS
As described before, the DG ride-through fault voltage profile was pre-set into the digital relay using the internal logic gates and timers available on a commercial digital relay. Figure 6 illustrates how the DG digital protective relay sees the DG ride-through fault voltage profile. The ride-through fault voltage profile required cannot be exactly implemented on the commercial digital relay simulated, due to the lack of logic gates available onto the relay.
